Abstract: Bacteria and fungi from pristine soil, never exposed to glufosinate herbicide, were isolated and analyzed for glufosinate tolerance. Seven of the 15 tested isolates were sensitive to 1 mM glufosinate (an active ingredient of many nonselective contact herbicides), 5 were resistant to 4 mM glufosinate and 3 even to 8 mM glufosinate in liquid medium. None of the isolated microorganisms carried the gene for glufosinate resistance bar (bialaphos resistance) in its genome and at least in some of glufosinate-resistant isolates the increased glutamine synthetase level was detected as a possible resistance mechanism. The transfer of the bar glufosinate resistance gene from transgenic maize Bt 176 into glufosinate-sensitive soil bacterium Bacillus pumilus S1 was not detected under the laboratory conditions by a classical plate count method and PCR. The ecological risk of potential bar gene transfer from genetically modified plants into soil microcosms under natural circumstances is discussed.
Introduction
Glufosinate is produced naturally by several species of the Streptomycetaceae family [1] [2] [3] [4] and shows antibacterial and antifungal activity. Several studies indicate that some soil bacteria are sensitive towards this herbicide, which may lead to decreased soil fertility [5, 6] . Kriete and Broer [6] demonstrated a negative effect of glufosinate application on the growth of nitrogen-fixing rhizobia, nodule formation and nitrogen fixation. Nevertheless, many bacteria are resistant to glufosinate or are even able to degrade the herbicide by deamination and decarboxylation [7] [8] [9] .
One of the least understood areas in the environmental risk assessment of genetically modified crops is their impact on soil-and plant-associated microbial communities. In this context, it is important to evaluate the effect of recombinant gene products on microbial diversity or functions, and the probability of an unintended horizontal gene transfer (HGT) from genetically modified plants to environmental microorganisms. In this way, HGT may confer a novel trait in another organism, which could be a source of potential harm to the health of people or the environment [10] .
Several studies attempted to assess natural transformation from plant DNA to soil microorganisms under field conditions and showed that while free DNA persisted in the soil, no proof of a plant gene being transferred to soil bacteria was found [11] [12] [13] . These results seem to suggest that there are four major limiting factors in horizontal gene transfer of plant DNA: I) the availability of competent bacteria in the vicinity of the transformable DNA and the lack of functional competence of the transgene in the recipient organism; II) the presence of homologous sequences to allow the recombination machinery to perform the integration; III) the fragmentation of DNA in natural habitats by extracellular microbial DNases; IV) the insufficient selective advantage of the transgene for the recipient organism.
The transgenic maize Bt176 used in this study contains two different transgenes: cry1A(b) and bar genes. The bar gene isolated from bacteria of the Streptomyces genus encodes a phosphinothricin acetyltransferase gene, which confers tolerance to the herbicide glufosinate (syn. phosphinothricin, an active ingredient of several nonselective contact herbicides -e.g. Basta). Only one field study oriented on the potential transfer of a glufosinate-resistance gene from genetically modified crops to environmental bacteria was described. Recently, Mohr and Tebbe [14] analysed a natural transfer of pat gene from transgenic oilseed rape pollen to gut bacteria of bees under field conditions. The threshold for detecting gene transfer in their field study was relatively high due to the high natural glufosinate resistance background. Resistant phenotypes were found in all phylogenetic groups but none of them carried the recombinant pat gene in its genome.
In this study, different microorganisms isolated from soil were analyzed for tolerance against glufosinate and the possible resistance mechanisms were investigated. Selected bacteria with a glufosinate-sensitive phenotype were used in gene transfer experiments to analyze the possibility for recombinant bar gene transfer from transgenic Bt 176 maize to soil bacteria under laboratory conditions.
Experimental Procedures
Soil samples were taken from field soil (nearby Haniska, district Kosice) that had never been exposed to applications of the herbicide Basta (Bayer CropScience AG) or seeded with any GM crops. About 5 g of soil sample was suspended in 45 ml of 0.85% saline solution and gently shaken for 2 h. The supernatant was then serially diluted and 100 μl aliquots were transferred to plates containing selective agar medium for fungi, bacteria and streptomycete cultivation. For bacteria isolation, Todd Hewitt agar medium (TH, Difco, USA) supplemented with 2.5 g l -1 phenylethanol (Merck, Germany) or Mac Conkey agar (Difco, USA) were used. Czapek-Dox agar medium (Difco, USA) was used for isolation of fungi and SS agar plates [15] , prepared as described previously by Tothova et al. [16] were used for isolation of soil streptomycetes. The plates were incubated at 30°C for 2 to 5 days until well-defined colonies appeared and random isolates were chosen for further studies based on their different colony morphologies.
The fungi were identified at the Czech Collection of Microorganisms in Brno, Czech Republic; all other microorganisms were identified on the basis of 16S rRNA sequence comparison.
Selected microorganisms were screened for glufosinate tolerance using both solid and liquid media. A filter-sterilized solution of glufosinate was added at concentrations of 1, 4 and 8 mM. Commercially available Basta 15 herbicide (registered by Bayer CropScience AG) was used. Glufosinate-free media were used as a control. For fungi, a standard 0.3 cm agar plug containing either intact hyphae or a diluted suspension of spores was placed in the centre of plates. Plates were incubated at relevant temperatures for 2 to 5 days according to tested microorganism. The liquid cultures were carried out in sterile flasks and incubated in an orbital shaker at 100 rpm. Cell density was monitored spectrometrically (Spekol 11, Carl Zeiss, Jena).
Glufosinate-resistant microorganisms were cultivated in a liquid medium supplemented with 4 mM glufosinate and bacterial cells were harvested in the mid-exponential growth phase by centrifugation (10000 x g, 10 min, 4°C). The cells were washed with 50 mM potassium phosphate buffer (pH 7.4) and disrupted by 5 cycles of 30 s sonication with a 1 min cooling period at 4°C using ultrasonic disintegrator (MSP Soniprep 150, UK). The cell debris was removed by centrifugation at 12000 g for 15 min and supernatant was used for the enzyme assays. Glutamine synthetase (GS) activity was measured according to the method described by Bender et al. [17] . The protein content of the supernatant was determined by the Bradford method [18] using a commercially available Bradford reagent (Sigma) with bovine serum albumin as a standard. Each assay was carried out on three separate occasions and results were expressed as A 540 /mg of proteins. Values shown are the mean of triplicate assays ± SD. Data were analyzed using Student t-test with a significance level of P<0.05.
The total DNA from soil samples was extracted using the Ultra Clean TM Soil DNA kit (Mobio, Carlsbad, CA, USA Laboratories Inc.). The plant genomic DNA from maize leaves was isolated with the DNeasy Plant Mini Kit according to the manufacturer recommendations (QIAGEN, USA). The total DNA from bacterial isolates was extracted by Bacterial DNA Isolation Kit -BACTOZOL (Molecular Research Centre, Inc., Cincinnati, OH). The DNA from fungi was isolated according to Cenis [19] .
The primer pair fD1 and rP2 was used to amplify eubacterial 16S rRNA genes as described by Weisburg et al. [20] . To determine the bar gene occurrence, genomic DNA isolated from soil samples and individual bacterial isolates were analysed by PCR with primers barF and barR [21] . Genomic DNA extracted from transgenic maize Bt176 leaves was used as a positive control. For genotypic comparison of bacterial strains tested in this study the ERIC PCR based primers were used [22] .
The target genes, the oligonucleotide primers used and the size of the amplicons are summarized in Table 1 . All reactions were carried out in a Personal Thermal Cycler MJ Mini (Bio-Rad Laboratories, Richmond, USA). The reaction mixtures (50 µl) contained 200 µM of each deoxynucleotide triphosphate, 1 µM of each primer, 1.25 U Taq DNA polymerase (Invitrogen, Paisley-UK), 5 µl 10x PCR buffer (Invitrogen, Paisley-UK), 2 mM MgCl 2 , and 100 ng template DNA. The size and yield of the PCR products were routinely analyzed by electrophoresis on agarose gels (0.8% wt/vol) stained with ethidium bromide [23] .
Amplified 16S rRNA genes were purified using a Qiagen PCR purification kit, and then cloned and transformed using the InsTAclone TM PCR Cloning Kit (Fermentas, GMBH Opelstrasse, Germany). Recombinant colonies were selected and plasmid DNA extracted using a plasmid miniprep kit (Qiagen). Sequencing was performed on both strands at Macrogen sequencing facilities (Macrogen, Soeul, Korea).
The Bt176 transgenic maize (Novartis, Basel, Switzerland) was cultivated indoors in 5 L pots containing sterile soil (used for isolation of tested microorganisms) at 28±2°C with a light regime consisting of 16 h of light and 8 h of darkness. The maize plants were cultivated to the three-four leaves stages and then the roots of each plant were directly inoculated with a 2.5 ml overnight culture (4x10 8 CFU ml -1 ) of glufosinatesensitive soil bacterium Bacillus pumilus S1 into the 5-8 cm depth. Mutant Bacillus pumilus S1 resistant to nalidixic acid was prepared by random mutagenesis. The maize plants in the pots were sprayed with solution of 1 mM glufosinate ammonium two times during the growing period (5 months) and regularly watered to simulate rain. After this time the samples were taken from three plants. Soil close to the roots (ø 2 cm, 20 g) and roots (4 g) were sampled. The soil/ root (cut into 0.5 cm pieces) samples were suspended in 100/40 ml of 0.85% saline and gently shaken for 2 hours at laboratory temperature. The supernatants containing a bacterial suspension were serially diluted 10-fold with 0.85% saline. To recover the inoculated bacterium Bacillus pumilus S1, aliquots of 100 μl of suitable dilutions were plated on selective TH agar plates supplemented with nalidixic acid (100 μg ml -1 ). The plates were cultivated at 30ºC, bacterial colonies were counted after two days, and were confirmed to be Bacillus pumilus S1 on the basis of ERIC-PCR genotyping. Nalidixic acid resistant colonies of Bacillus pumilus S1 were randomly picked (1000 colonies from each sample) from selective plates and transferred on TH medium containing 1 mM glufosinate to test the ability to grow in the presence of herbicide. Plates were incubated as described above.
The 16S rRNA sequences of bacteria reported in this study were submitted to the GenBank/NCBI database and accession numbers are shown in Table 2 .
Results

Prevalence of glufosinate -resistant soil microbes
Microorganisms were isolated by cultivation on four different media under aerobic conditions. Different colony morphologies, as they appeared during 2 to 5 day incubation period, were selected and cultured on their respective fresh media. With this approach, 15 microorganisms were isolated from soil including gram-negative and gram-positive bacteria, fungi and streptomycetes. Except for soil fungi, which were identified on the basis of spore-bearing structures, the remaining microbes were identified by sequencing of PCR-amplified partial or almost complete 16S rRNA gene sequences followed by database comparison. To determine the degree of glufosinate tolerance among tested soil microorganisms, they were cultivated on agar plates containing a respective medium of isolation with 
Glutamine synthetase activity
Bacteria considered resistant to more than 1 mM glufosinate in liquid medium were assayed for level of glutamine synthetase activity ( increases in the level of GS activity, mainly in Grampositive bacteria when they grew in the presence of 4 mM glufosinate, was detected. Measurements of turbidity development over time at each glufosinate concentration were used to develop growth curves of selected resistant strains (Figure 1) . All highly resistant isolates were not influenced by 8 mM glufosinate. No clear correlation was observed between the level of GS activity and resistance to glufosinate, indicating that resistance to glufosinate is probably conferred by other mechanisms as well (e.g. uptake or degradation).
PCR detection of bar gene
Total DNA isolated from the field soil immediately after sampling was positive for bar amplification, while none of our tested microorganisms ( Table 2 ) carried the bar gene in its genome. After the sterilization, the soil was analyzed for the presence of the cultivable bacteria and the bar gene of soil origin. No culturable bacteria were detected after plating a soil suspension on respective solid media. Using the total DNA from autoclaved soil as a template, PCR amplifications using 16S rRNA gene and bar gene specific primers were negative. This step confirmed that no culturable or unculturable bacteria were present, and that there is no natural bar gene occurrence.
Detection of potential bar gene transfer
The maize plants were inoculated with a spontaneous nalidixic acid-resistant mutant of glufosinate-sensitive Bacillus pumilus S1 strain and left to grow for 5 months before extracting the inoculated bacterium. Bacteria were extracted into saline solution from the harvested samples of soil and roots, and then spread on the selective medium. We were able to detect about 5x10 3 CFU ml -1 of previously inoculated bacterium Bacillus pumilus S1. The genotype of reisolated bacteria was verified by ERIC PCR.
The fraction of reisolated Bacillus pumilus S1 colonies (1000 colonies from each sample) were tested for the ability to grow in the presence of herbicide Basta. None of tested colonies were able to grow on the agar plates supplemented with 1 mM glufosinate.
Total DNA extracted from soil/roots bacterial suspensions was negative for the presence of the 86 bp bar gene fragmentwhile about 1500 bp fragment of the 16S rRNA gene was readily amplified (data not shown).
Discussion
Glufosinate, known as phosphinotricin, is vigorously used as a contact bioherbicide. It inhibits the activity of a glutamine synthetase enzyme, which is necessary for the production of glutamine and for ammonia detoxification in plant tissues. The glufosinate inhibits the glutamine synthetase also in various bacteria, fungi and algae [5, [24] [25] [26] . Up to now, biosynthesis of glufosinate has been detected in several species of Streptomycetaceae family [1] [2] [3] [4] . Tolerance of the producers themselves to glufosinate is conferred by acetylation of the amino-nitrogen, which is catalyzed by Figure 1 . Glufosinate inhibition of growth of soil bacteria in respective medium containing glufosinate (Basta) at various concentrations: 0 mM (♦), the enzyme phosphinothricin-N-acetyl transferase, and coded by the pat or bar genes isolated from different Streptomycetes species [27] .
Current field application of glufosinate rates about 1 kg ha -1 [9, 28] , which gives rise to soil glufosinate levels not exceeding 1 mM. An in vitro study of 227 bacteria from soil and water showed that 38 strains are completely resistant to glufosinate at concentrations up to 3 mM, while the growth of 84 is inhibited at concentrations less than 1 mM [29] . It was observed that repeated field application of glufosinate can increase the occurrence of glufosinate-resistant bacteria. Bartsch and Tebbe [8] found that more than 90% of 300 isolates from a barley field, which had been exposed to two annual applications of Basta (Hoechst, Germany), tolerated concentrations as high as 40 mM, whereas less than 5% were inhibited by glufosinate concentrations above 1 mM only.
A relatively large amount (40%) of glufosinate-resistant phenotypes were found also among the gut bacteria isolated from the bees [14] . The observation of Hsiao et al. [30] also suggests that long-term herbicide exposure is a promotive factor in generating bacterial strains having high degradation efficiency of glufosinate and showing vigorous propagation under the competition pressure arising from indigenous microbes.
In our study different soil microorganisms were isolated and their sensitivity to glufosinate was analyzed. We observed the different abilities of tested microorganisms to grow on solid and liquid media in the presence of glufosinate. From the microbial isolates reported in this study, growth of seven isolates was inhibited in liquid medium supplemented with a 1 mM concentration of glufosinate. Five isolates could grow in the presence of 4 mM glufosinate and only three isolates were able to grow in media supplemented with 8 mM glufosinate. Our results, together with those presented above [29] , demonstrate that naturally glufosinateresistant microorganisms occur in spite of the fact that the sampled soil was never before exposed to this herbicide or seeded with any GM crops.
We have also demonstrated that the tolerance to glufosinate in some soil microbial isolates is due to elevated levels of glutamine synthetase activity within the cells, similar to the study by Quinn et al. [29] . A similar mechanism of glufosinate resistance was documented for plants [31] .
Likewise, the soil bacterial community is instantly challenged by a large number of antibiotics produced by soil bacteria, evolving rapidly corresponding resistance strategies [32] . The results of Demanéche et al. indicate that soil bacteria are naturally resistant to a broad spectrum of beta-lactam antibiotics including the blaTEM116 gene which is presented in transgenic corn Bt176, thus reducing any risk of introducing a new bacterial resistance trait from the transgenic material. In addition, no significant differences were observed in bacterial antibiotic-resistance levels between transgenic and nontransgenic corn fields, although the bacterial populations were different [33] .
Using PCR with transgene-specific primers, it was tested whether the relatively broadly distributed microbial resistance to glufosinate found in this study was due to the presence of the resistance-conferring bar gene. None of our microbial isolates contained the bar gene fragment, indicating that rare events of horizontal bar gene transfer from soil streptomycetes did not significantly increase the natural level of microbial glufosinate resistance. Natural gene transfer is widely studied as it is one of the mechanisms that may allow the dispersal of transgenes to native soil bacteria [12, 13, 34] . Through this mechanism soil organisms may be transformed by free DNA released from other microorganisms or decomposing plant tissue. While "free" plant DNA persists in soil for at least 120-137 days [35] , the transformation of soil microorganisms by plant DNA was not observed.
In further experiments glufosinate-sensitive bacterium Bacillus pumilus S1 was used as a recipient for monitoring bar gene transfer from transgenic Bt176 maize. The bacterial species Bacillus pumilus employed for the transformation experiment is widely present in soil and many strains of this bacterium were found to be capable to bind foreign DNA to their cell surface, which can be considered the first step of successful transformation [36, 37] . No bar gene transfer was detected under the laboratory conditions either by a classical plate count method or PCR indicating that horizontal transfer of bar genes from Bt176 maize into this strain is improbable and coincidental dissemination of rare natural microbial transformants cannot significantly increase the number of glufosinate-resistant soil microorganisms.The lack of bar gene transfer from the leaf tissue of transgenic potato into genomic DNA extracted from the soil bacteria was reported by Kim et al. [38] . Although both experiments have been performed in a small-scale microcosm and during the relatively short period they can serve as a useful model system for the investigation of possible gene transfer from transgenic plants into soil microbial environment.
